We have used low energy electron microscopy to demonstrate how the interaction of 4; 4 0 -biphenyldicarboxylic acid (BDA) molecules with (steps on) the Cu(001) surface determines the structure of supramolecular BDA networks on a mesoscopic length scale. Our in situ real time observations reveal that steps are permeable to individual molecules but that the change in crystal registry between different layers of the Cu substrate causes them to be completely impermeable to condensed BDA domains. The resulting growth instabilities determine the evolution of the domain shape and include a novel Mullins-Sekerka-type growth instability that is characterized by high growth rates along, instead of perpendicular to, the Cu steps. This growth instability is responsible for the majority of residual defects in the BDA networks.
We have used low energy electron microscopy to demonstrate how the interaction of 4; 4 0 -biphenyldicarboxylic acid (BDA) molecules with (steps on) the Cu(001) surface determines the structure of supramolecular BDA networks on a mesoscopic length scale. Our in situ real time observations reveal that steps are permeable to individual molecules but that the change in crystal registry between different layers of the Cu substrate causes them to be completely impermeable to condensed BDA domains. The resulting growth instabilities determine the evolution of the domain shape and include a novel Mullins-Sekerka-type growth instability that is characterized by high growth rates along, instead of perpendicular to, the Cu steps. This growth instability is responsible for the majority of residual defects in the BDA networks. The growth of metal films on metal substrates has been investigated abundantly in the last decades (e.g., [1] [2] [3] [4] [5] [6] ). Especially, homoepitaxial growth is understood in great detail [7, 8] and its concepts are often used as a benchmark for describing the growth of more complex films, comprised of organic molecules. Those concepts include for instance nucleation behavior and growth instabilities due to kinetic limitations such as restricted edge diffusion and/ or mass transport across step edges. In this study, we investigate whether such concepts can guide our understanding of the growth of 2D organic films. For this purpose, we select the growth of 4; 4 0 -biphenyldicarboxylic acid (BDA) on Cu(001), which represents a timely class of self-assembling 2D hydrogen bonded molecular networks [9] [10] [11] [12] , particularly those comprised of benzoic acids. The interest lies in their high potential as flexible templates for the fabrication of novel nanoscale structures [13] [14] [15] [16] [17] [18] . Much is known about the details of the molecular networks and their building blocks from STM studies [14, 15, [19] [20] [21] [22] [23] [24] [25] . It is, however, remarkable that only a few studies have concentrated on thermodynamic and kinetic aspects of the growth of supramolecular domains on the mesoscopic scale [26, 27] , despite the importance of both to make these networks applicable. The thermodynamic and kinetic aspects become most important for growth under high mobility situations. BDA grows on Cu(001) in a 2D fashion and is therefore excellently suited to compare with (sub)monolayer metal growth. Special attention is paid to differences as a result of binding energy and in particular the shape and size of (large) molecules compared to atoms.
Growth is an inherently statistical process, and this may lead to instabilities known, among others, from metal homoepitaxy. Relevant to the current results is the so-called Mullins-Sekerka (MS) instability [28, 29] : Protrusions at steps lead to a locally decreased distance between isoconcentration lines of adatoms and thus enhanced growth, while inclinations lead to the opposite result, a reduction of the growth rate. This generic tendency for instability is counteracted by minimization of step length via edge diffusion and MS defined conditions for its occurrence. For 2D growth, a MS instability leads to enhanced growth perpendicular to steps.
In this Letter, we describe how the same concepts that were developed to describe the initial growth of metal films can be applied to understand the growth of molecular films at ''high'' temperature. Low energy electron microscopy (LEEM) and selected area diffraction, or LEED, were used to study the growth of BDA on Cu(001). BDA is a benzoic acid that deprotonates on Cu(001) below room temperature [14] [15] [16] [17] [18] . It consists of two phenyl rings with one functional carboxyl group at each end. The slightly twisted molecule lies flat on Cu(001) and forms a cð8 Â 8Þ superstructure [16, 30] , facilitated by a hydrogen bridge between the phenyl groups of one molecule and the carboxylate group of another. A square building block is formed in which adjacent molecules are oriented perpendicularly. LEEM images reveal clear evidence for a MStype growth instability. We observe the classic case in which an isolated island that is initially compact ramifies during further growth, as well as the classic MS instability at a step. In this case, the growth front moves fastest in a direction perpendicular to the substrate steps. In addition, we demonstrate a not-yet-reported case, in which the growth rate is highest parallel instead of perpendicular to the steps. The latter instability is mainly responsible for deficiencies in the final film.
The experiments have been performed in an Elmitec LEEM III microscope [31] with a base pressure of about 1 Â 10 À10 mbar. A Cu(001) single crystal with a miscut angle less than 0.1 was used [32] . Prior to mounting, it was annealed at about 1170 K in an Ar-H 2 mixture to deplete the bulk of the crystal from S contamination. The
week ending 15 FEBRUARY 2013 0031-9007=13=110 (7)=076101 (5) 076101-1 Ó 2013 American Physical Society sample surface was further cleaned in ultrahigh vacuum by cycles of sputtering with hydrogen [33] , Ar, and annealing at 900 K. The BDA (purity >0:97, TCI Europe, CAS: 787-70-2) was deposited from a Knudsen cell. The deposition rate was kept constant at 5:1 Â 10 À4 molecules per nm 2 and per second. In the cð8 Â 8Þ structure, one molecule occupies 1:04 nm 2 . All LEEM images were recorded with 2 eV electrons using a 25 m illumination aperture and were background corrected by applying a flat field correction. For the surface covered with BDA admolecules, the Cu step contrast is severely reduced. To increase the step contrast, we thus superimposed an image of the clean surface (corrected for image drift) on the LEEM images shown here. Densities of BDA admolecules were estimated from the diffuse reflectivity [34] [35] [36] [37] . No indications for electron beam induced damage of the molecular networks were observed at any time. The substrate temperature was kept fixed at 410 K, well below the temperature where thermal decomposition occurs (> 450 K), but also high enough to ensure a very low density of nuclei. No significant desorption of BDA molecules into vacuum takes place, and the condensate is crystalline with a cð8 Â 8Þ structure at all temperatures [37, 38] .
In a first experiment, we recorded a LEEM movie (see the Supplemental Material [39] ) during deposition of BDA on Cu(001) at 410 K. A few snapshots with a field of view (FoV) of 12 m are shown in Fig. 1 (top row). The dark gray curved lines represent single steps and step bunches. The bottom panel shows the density of the 2D dilute BDA phase as a function of time. The shutter of the Knudsen cell was opened at t ¼ 0 s and closed at 1660 s. The density was measured in the area highlighted by the dashed red circle in the center right-hand image. The ''noisy'' appearance of the coverage versus time plot is by no means accidental. The first maximum coincides with the first nucleation stage in which two nuclei start to grow within the field of view. Immediately after the growth of the first generation of nuclei, the admolecule density is reduced from the supersaturation that is needed to initiate condensation close to equilibrium [38] . Several observations are immediately evident. First, the number of nuclei is about 2 orders of magnitude lower than the number ($80 within the FoV) of Cu(001) terraces. Second, the consequences of nucleation and growth of new domains affect the admolecule density across at least ten Cu steps over a distance of several microns. Third, secondary nucleation is observed and further nucleation occurs in ''waves.'' Fourth, each combination of a maximum and decay in the admolecule density can be traced down to a single nucleation event. Finally, not all nucleation events become visible in the admolecule density that is measured in the dashed red circle after a prolonged period of nucleation and growth. These observations lead to a number of important conclusions. First, the steps are permeable for individual BDA molecules. A nucleation event on a certain terrace gives rise to variations of the density in the dilute BDA phase on another terrace, separated by ten or more steps. This implies that the Ehrlich-Schwoebel barrier for crossing steps must be low. Second, existing BDA domains act as a high barrier for diffusion of individual BDA molecules, thereby preventing remote nucleation events from becoming visible in the probed area (dashed red circle, top right-hand panel). Third, the steps do not act as preferred nucleation sites since that would lead to roughly one nucleus per terrace and a well-defined nucleation window. Thus, nucleation proceeds through homonucleation rather than heteronucleation. The latter is reiterated by the fact that nuclei eventually emerge on all terraces, and any preference for nucleation at steps is absent. The dark areas correspond to the crystalline cð8 Â 8Þ structure. The curved lines in the background represent single and multiple steps on the Cu(001) substrate. They are most clearly visible for the clean substrate and to increase step contrast; we added the first image to the subsequent LEEM images, also in the further figures (see also the text). Center: The growth of a single BDA domain. First, a compact shape develops, which evolves into a ramified one with protrusions and recesses due to a MS growth instability. Upon further growth, the protrusions hit the Cu step first (arrows). Recesses remain, which are subsequently filled until the domain edges precisely follow the steps bordering the host terrace.
The subsequent waves of nucleation events, as illustrated in Fig. 1 (bottom panel) , are unexpected at first sight. In classic nucleation and growth, the few initial nuclei (density % 0:009 per m 2 ) would continuously grow until the complete area is filled, provided that the steps are permeable for individual BDA molecules. This situation, however, does not apply here. The Cu steps apparently provide a highly efficient way to terminate aggregation beyond steps. This is easily understood: Except for a potentially inhibiting height difference of about 2.08 Å per Cu step, the fcc structure of Cu imposes also a registry problem. The cð8 Â 8Þ registry is shifted by at least half a nearest-neighbor distance in two h110i directions on terraces that are separated by a single step. Therefore, already single steps impede the aggregation of BDA domains. Consequently, steps act as effective terminators for BDA domains, even when individual molecules can easily pass them. This implies that, when a significant fraction of domain boundaries is impinging on steps, further aggregation of BDA molecules is suppressed and the admolecule density rises again, repeatedly leading to a new nucleation wave until eventually all terraces are filled. The cð8 Â 8Þ structure has 32 equivalent translational domains. In order to minimize the number of different domains in a network, the initial number of nuclei has to be well below the number of Cu terraces, as is the case in Fig. 1 . One single domain will then develop on each terrace. However, macroscopically, all variations will occur.
We now inspect the influence of the steps in more detail. Figure 2 shows a LEEM image that was recorded 800 s after closing the shutter of the Knudsen cell (cf. Fig. 1 ). It reveals a contact angle of the condensate with the Cu steps that is well above 150 . This observation is very significant. In three dimensions, the contact angle between a substrate and a film is given by Young's equation:
where s , i , and f refer to the surface tension of the substrate, the interface, and the film, respectively. In the present two-dimensional case, these are replaced by the line tensions of the free Cu step, the BDA covered Cu step, and the BDA domain, respectively. A small value for is indicative for strong adhesion and wetting of the steps by BDA, while large values reveal a weak interaction and nonwetting. It is obvious from inspection of Fig. 2 that there is strong nonwetting, which is consistent with the observation that steps do not act as nucleation centers. The latter is already indicative of a low affinity to the steps. The island expansion is terminated by the steps, i.e., when no additional BDA molecule fits in between the step and the cð8 Â 8Þ edge. So, most islands will not even make physical contact to the step. The growth of BDA=Cuð001Þ exhibits several instabilities, which we now consider in more detail. First, we examine an early stage of growth, as depicted in the second snapshot in the top panel of Fig. 1 . It shows two nuclei that are compact. A more detailed inspection of the evolution of the right domain is shown in the center panel. Protrusions develop that evolve into a ramified shape. This behavior is characteristic of a Mullins-Sekerka growth instability: Protrusions capture material from an area with a larger solid angle. This behavior is common to all growing islands, as discussed in the Supplemental Material [39] . In the BDA=Cuð001Þ system, the protrusions will be strongly enhanced because the mobility along the edges of BDA domains is extremely low. Edge molecules are alternatingly placed in an orientation perpendicular and parallel to the edge along the h110i directions, as shown in Fig. 3 . Movement along such edges involves detachment, diffusion in the vicinity of the edge, and reattachment at an appropriate position. For ideal h110i oriented edges, an additional rotation of the molecule in the disordered ''gas'' phase is required. Along a perfect h100i oriented step, all molecules are oriented parallel. A diffusing molecule will only have parallel binding partners and be weakly bound, while reattachment requires a rotation of the molecule in the dilute phase. In either case, mass transport along the BDA domain edges will be slow and the MS instability criterion is therefore well met. In more advanced stages of growth, protrusions of the domain will impinge on steps (see the arrows in Fig. 1 ) where further growth is inhibited. The final result is that all domain boundaries impinge on steps and follow the smooth contour of the step. Figure 4 presents the shape evolution of the BDA island shown in the center panel of Fig. 1 . Each color represents the island shape after an incremental 20 s. If we concentrate on the growth along the right-hand side of the lower Cu step, we can see that the domain growth rate is very fast, much faster than the growth rate away from the step toward the terrace (cf. the red arrows in Fig. 4 ). For the growing domain front at the step, the solid angle for accepting incoming admolecules is over 270
. Note that the steps are permeable for individual admolecules. For the material arriving within the remaining 90
, the front competes with domain boundaries further toward the interior. The solid angle that is available for diffusing species is thus very large, which can result in extremely fast growth. Even at a very low deposition rate of 5:1 Â 10 À4 molecules nm À2 s À1 , domain boundary growth rates of 40-100 nm=s have been observed. The very different growth rates may even result in the formation of vacancy clusters (cf. the white arrow in Fig. 4) . Clearly, this growth instability fulfills all requirements of a MS growth instability. The edge mobility is still extremely low, as explained above, while the accumulation of isoconcentration lines around the protrusion is extremely high. The latter is enhanced by the fact that the surrounding BDA domain boundaries are no longer able to accommodate BDA molecules because they are limited by the Cu steps. Counterintuitively, the fast growth direction is, however, along the step, instead of the more common direction perpendicular to the steps. This unexpected growth behavior is a direct consequence of the underlying physics: a non-or only weak wetting of steps. It should be of general importance for a wide range of molecular film systems, in which the affinity of molecules for steps is low. The high growth rate along the steps leads eventually to the pinching off of vacancy holes after the coalescence of the growing ''fingers.'' Each completed domain will have several of these holes; cf. Fig. 1 and the LEEM images in the Supplemental Material [39] .
We have reported anomalous growth features for BDA= Cuð001Þ, representing the important class of benzoic acid networks on metal substrates. We find strong MS-type instabilities: the ramification of initially compact islands and a yet unknown type of MS instability, characterized by the fast growth rate of islands along preexisting Cu steps. This fact, together with the applicability of nucleation theory [38] , lets us conclude that an interesting and important regression of concepts from atomic scale growth to molecular systems can be inferred. However, caution is required when contemplating a rigorous application of atomic concepts for the growth of molecular films. For instance, the size of the molecules, adsorbed on fcc Cu(001), is directly responsible for the termination of the domain growth by steps. The role of steps, both as diffusion barriers and preferred nucleation sites, is likely less pronounced than in metal epitaxy.
The present findings are highly relevant for the improved fabrication of 2D molecular layers. The best condition for defect-free domains is found at high temperature or better for low E D =kT values, warranting only one nucleus per terrace. E D is the activation barrier for diffusion. This avoids the evolution of multiple translational domains and the corresponding boundary defects. The evolution of translational domains is a natural consequence of large molecules: not less than 32 are possible for BDA=Cuð001Þ. Note that Ostwald ripening is highly ineffective for domains of similar size. More importantly, line defects are very persistent even in metal films where they anneal only at high temperature. For molecular films, the required temperature budget may not be available due to the finite thermal stability of the building blocks. 
